Introduction
Many multicellular organisms possess mechanisms that permit adjustments in somatic DNA contents. One of these mechanisms is somatic polyploidy, which causes increases of DNA through endopolyploidy or polyteny. In endopolyploidy, the chromosome complement is progressively doubled within a nuclear membrane, while in polyteny the number of chromatids per chromosome increases. Although somatic polyploidy is quite common, especially among arthropods (e.g. Bachmann and Rheinsmith, 1973; Matlock and Dornfeld, 1981; Freeman and Chronister, 1988; Ulrich, 1990) , it is a poorly understood phenomenon. Potentially, somatic polyploidy produces genetic plasticity, which may lead to a greater plasticity in life histories. The form of somatic polyploidy observed in the cladoceran crustacean Daphnia is endopolyploidy (Sterba, 1956 (Sterba, , 1957 . There are indications that the tendency for somatic polyploidization is inversely related to genome size. Thus, it may be that somatic polyploidy in organisms with a small genome and germline polyploidy in organisms with a large genome are strategies leading to a similar result (Nagl, 1976) .
Flow cytometry is an efficient, automated method for determining amounts of nuclear DNA. When compared to standard microspectrophotometry, where the absorbance of individual stained nuclei in preparations is measured, or to chromosome counting, flow cytometry is a simpler and more accurate method. The reduced time required to gather data is the main advantage of flow cytometry, allowing large numbers of nuclei to be examined easily. This, in turn, enables reliable estimates of the genome sizes and the proportions of cells in the different phases of the cell cycle. In the case of somatic polyploidy, information about the ploidy levels and proportions can be obtained. However, when studying small organisms, such as Daphnia, microspectrophotometry is advantageous if measurements of tissue-specific variation in the amounts of DNA are desired.
Flow cytometry has been commonly applied in human tumor cell biology (Gohde et al, 1979) . Later, it was used to measure the nuclear DNA content of plant cells in a variety of species (e.g. Galbraith et al, 1983; Michaelson et al, 1991; Biradar et al, 1993; Costich et al, 1993; Grattapaglia and Bradshaw, 1994) . Less frequently, flow cytometry has been used to examine the DNA content of non-human animal cells (e.g. Johnson et al, 1987; Ulrich, 1990; Lockwood and Bickham, 1991; Blacklidge and Bidwell, 1993; Ruedas etal, 1993) . Besides applications in tumor cell biology, genome size determinations and studies on polyploidy, flow cytometry can be used to examine inter-and intraspecific variation in DNA contents. Potential applications include taxonomic investigations in which species or their hybrids are distinguished based on a simple measure of their DNA content.
In the present study, we describe a precise and rapid method for determining DNA contents in Daphnia by using flow cytometry with ethidium bromide (EtBr) as a fluorochrome. We also report results on the genome sizes and the presence of interclonal and developmentally regulated variation in endopolyploidy in D.pulex, D.longispina, D.pulex X D.longispina and D.magna. Although somatic polyploidy may be an important adaptive strategy for organisms with a small genome, there has previously been only very Limited information concerning variation in the pattern of endopolyploidy or other types of somatic polyploidy among animal species.
Method

Material
Thirteen clones and four population samples of D.pulex, two clones of D.longispina, one clone resembling D.pulex in morphology but, based on allozyme studies, assumed to be a D.pulex X D.longispina hybrid (S.Repka, personal communication), and one clone and one population sample of D.magna were used as material for flow cytometric measurements of nuclear DNA content. The codes of the clones and populations are given in Table I . All clones, except DPP1 and DPP2, originated from woodland ponds in southern or southwestern Finland. Clones DPP1 and DPP2 originated from ponds in northern Germany. The clones were maintained in the laboratory for 1-3 years before the flow cytometric analyses. All population samples originated from rock pools in southern Finland and were collected on 20 September 1993,1 week before the flow cytometric measurements of the DNA content were conducted for those samples.
Preparation of samples
Each clone sample consisted of 60-160 juveniles <24 h old, 60-120 juveniles 1-2 days old or 20-30 adult individuals -10 days old. The population samples consisted of -80 individuals of various ages. The samples were ground on ice in 0.5 ml of buffer [10 raM Tris-HCl (pH 7.4), 10 mM CaCl 2 , 3 mM MgCl 2 , 0.5% Nonidet P-40]. After grinding, 1 ml of buffer was added, and the mixture containing cell constituents, tissue remnants and buffer was passed through nylon filters of 200 and 50 um mesh size. The filters allow all nuclei to pass through. The total volume of the filtrate was adjusted to 2 ml by adding grinding buffer. At this stage, some of the samples were frozen before the staining and flow cytometry were performed. Finally, 40 ug of RNase A and 100 ug of EtBr were added to the filtrate. To ensure complete staining, preparations were kept in darkness in the cold for 5 h before the flow cytometric analyses.
Flow cytometry
DNA content was analyzed by the detection of stain from nuclei in a BectonDickinson FACScan flow cytometer, laser wavelength 488 nm. The fluorescence of the EtBr-stained preparations is considered to be proportional to the DNA content of the passing nuclei. The flow rate varied from 40 to 200 particles s~l. In adult and population samples, 6000-10 000 nuclei per sample were measured, while in juvenile samples 2000-4000 nuclei per sample were measured. The DNA distribution curves were analyzed by the CelLFit software program. DNA values were calculated by comparison to chicken red blood cell standards, which have 2.33 ± 0.22 pg DNA per nucleus (Galbraith et al, 1983) .
A possible problem in DNA analyses by flow cytometry is the presence of cellular aggregates, which may lead to an overestimation of polyploid cells. To correct for this, single cells can be selected on the basis of pulse processed data. The selection is based on the fact that the pulse width of the electronic pulse increases with the diameter of the particle while, for instance, the G\ stage doublet and the G 2 /M stage singlet produce the same pulse-area signal. By plotting the pulse width versus pulse area, a discrimination of cellular aggregates from singlets can be made.
Results
Endopolyploidy was observed in all Daphnia included in the study. The polyploidization appears to occur by the periodic doubling of the genome, since the nuclei are grouped into distinct peaks of fluorescence. The proportion of nuclei with tetraploid or octaploid DNA contents among mostly female adult animals varied from 20 to 37% (average 27%) among D.pulex clones (Table I) . Among the two D.longispina clones, the proportion of polyploid nuclei equalled 23 and 24% (average 24%), and in both the D.pulex X D.longispina hybrid clone and in the clonal sample of D.magna the proportion equalled 24%. In population samples, which were collected in autumn and possessed a mixed age composition and a sex ratio approaching 50% males, the proportion of polyploid nuclei was always <20%. In clonal samples of D.pulex juveniles, the proportions of nuclei with tetraploid or octaploid DNA content varied from 7 to 12% (average 9%) among animals <24 h of age (Table II) . In the age group 24-48 h, the proportion ranged from 10 to 18% (average 14%). In all samples, most of the polyploid nuclei were tetraploid. A small proportion of the cells with a tetraploid DNA content are actually diploid cells in the cell cycle stages G 2 and M. Using flow cytometry, the tetraploid G]/G o cells cannot be distinguished from diploid G 2 + M cells. However, the majority of cells, especially in adult material, are not participating in cell divisions and reside in the Go stage. Three clonal samples of D.pulex also expressed a surprisingly large haploid DNA peak. In those cases, animals apparently expressed sexuality and had either developing or developed gametes, which are haploid. Examples of the DNA histograms are shown in Figure 1 . Channel number (relative DNA content) 
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Estimates of the haploid genome size (C value) varied from 0.29 to 0.33 pg (average 0.32 pg) in D.pulex (Table I) 
Discussion
This study demonstrates that flow cytometry is a useful tool for the determination of genome sizes and interclonal variation in somatic polyploidy in Daphnia. It can be applied to studies on germline polyploidy and to taxonomic investigations as well. If two species differ in their haploid genome sizes (C values), they can be distinguished by flow cytometric analyses. Such examinations may be especially useful in the case of interspecific hybrids where no clear morphological differences exist. The occurrence of hybrids is common among Daphnia, where hybrid clones can exist indefinitely if reproduction is parthenogenetic (Wolf and Mort, 1986; Taylor and Hebert, 1992,1993; Hebert and Wilson, 1994; Spaak and Hoekstra, 1995) . The haploid genome size was thought to be constant within a species. More recently, it has become clear that intraspecific size variation in the haploid genome occurs (Johnson ex ai, 1987; Lockwood and Bickham, 1991; Michaelson et al, 1991; Costich et al., 1993) , reinforcing the need for knowledge of the amount of variation within species and populations.
The genomes of Daphnia are the smallest reported for crustaceans. The haploid genome sizes (C values) determined for D.pulex, D.longispina and D.magna equalled about 0.32, 0.27 and 0.37 pg, respectively. The hybrid clone D.pulex X D.longispina possessed the smallest genome, 0.26 pg, although its expected C value is -0.30 pg. The coefficients of variation for the peaks of fluorescence varied from 5 to 10%. These are high values compared to values of 2-6% from flow cytometric examinations in other organisms (Galbraith et al., 1983; De Rocher et al, 1990; Ulrich, 1990; Ruedas et al, 1993) . Unusually high coefficients of variation are evidently due to difficulties in measuring the fluorescence of very small quantities of DNA. The observed interclonal variation in the C values of Daphnia is attributed either to actual variation in haploid DNA contents or to a slight measurement error. The small C value detected in the D.pulex X D.longispina hybrid may be due to a reduction in the genome size after the event of hybridization.
Haploid genome sizes reported for crustacean groups other than Daphnia range from 0.7 pg in the cirriped Sacculina sp. (Rheinsmith et al., 1974) to 24.2 pg in the copepod Calanus glacialis (Wyngaard et al, 1995) . Thus, the crustacean genome size varies over at least a 90-fold range. Typical C values of crustaceans are in the range of 2-3 pg (Bachmann and Rheinsmith, 1973) . Among all animal species, the C values vary >2000-fold: from 0.06 pg in sponges (White, 1973) to 142 pg in lungfish (Olmo, 1983) . Previous microspectrophotometric studies by Beaton and Hebert (1989) on North American populations revealed C values of 0.37 pg in D.pulex and 0.47 pg in D.magna, which are somewhat higher than our values. However, C values of 0.23 and 0.25 pg have also been reported for D.pulex and D.magna, respectively, based on microspectrophotometric studies (Rasch, 1985) . Such variable results are not necessarily methodological artefacts, but may reflect genetic divergence within species. The presence of somatic polyploidy complicates the interpretation of genome size data when microspectrophotometry is employed, and only limited information on ploidy classes and their distribution is obtained. Cytogenetic studies on Daphnia are difficult due to the rather large number of chromosomes (2n = 20-24) and their small size (Beaton and Hebert, 1994) . Potentially wrong conclusions on the C values and on the presence of germline polyploidy can be drawn. In the case of the D.pulex complex, the occurrence of polyploid clones has been reported (Hebert, 1987; Beaton and Hebert, 1988; Ward et al, 1994) . Dufresne and Hebert (1994) have shown that the polyploid clones in this complex have originated through interspecific hybridizations.
Endopolyploidy is a prevailing phenomenon in Daphnia, which expresses interclonal and developmentally regulated variation in the extent of endopolyploidy. Adult animals possess more extensive endopolyploidy than do juveniles. The lower level of endopolyploidy detected in population samples when compared to the clones may reflect differences both in the age composition and in the environmental conditions. All population samples were collected in autumn when the temperature was decreasing. Among adults, one-quarter or more of the nuclei were found to be polyploid, most of which were tetraploid. The proportion of octaploid nuclei was considerably lower. Certainly, small proportions of nuclei in the category of 16C or above do occur, but they are too rare to be detected by flow cytometry. Polyploidization appeared to occur by periodic doubling of the genome, since the nuclei fell into distinct peaks of fluorescence. In microspectrophotometric studies on D.pulex and D.magna, Beaton and Hebert (1989) discovered ploidy levels varying from 2C to 1024C in a tissue-specific pattern. Although no exact frequency distribution was determined, it was estimated that nearly half of the DNA in a daphniid body was in an endopolyploid state. This result indicating that the majority of the nuclei are diploid is supported by the present study, which shows that one-quarter of the nuclei are endopolyploid.
The common occurrence of somatic polyploidy in organisms with small genomes indicates that it is an adaptive evolutionary strategy. Nagl (1976) suggested that certain specialized eukaryotic cells require a minimal mass of nuclear DNA in order to maintain their specific regulatory and functional state. In adult Daphnia, a considerable proportion of the somatic cells are polyploid, perhaps because the minimal nuclear DNA mass in those cell lines is achieved only through endoreduplication. Besides Daphnia, other examples include the insects Drosophila melanogaster (C = 0.18 pg), Chironomus tentans (C = 0.25 pg) and Bombyx mori (C = 0.5 pg) (reviewed by Nagl, 1976) . A similar phenomenon has been observed in several succulent plant species and in the plant Arabidopsis thaliana, which have small C values and extensive endopolyploidy (De Rocher et al, 1990; Galbraith et al, 1991) . Among crustaceans, somatic polyploidy appears to be a very pronounced feature. However, it has been described in detail only in a few species (Jost and Mameli, 1970; Matlock and Dornfeld, 1981; Freeman and Chronister, 1988) .
Although associations between DNA content and cellular parameters have been detected (Cavalier-Smith, 1985) and there is a negative correlation between somatic polyploidy and haploid genome size (Nagl, 1976) , the adaptive mechanism underlying somatic polyploidy remains unclear. Potentially, cells with high DNA contents are involved in the production of substances needed in large quantities or in the excretion of waste products. However, in Daphnia, most tissues with polyploid nuclei do not have a secretory function (Beaton and Hebert, 1989) . On the other hand, changes in life histories or physiological tolerances may be involved.
Organisms with small genomes generally have rapid growth rates (CavalierSmith, 1978) . In Daphnia, the miniature genomes and the very short life cycles may be the result of selection by predators. Endopolyploidy compensates for the loss of genetic material. It is well known that Daphnia possesses considerable phenotypic plasticity and interclonal variation in life histories (Korpelainen, 1986; Weider, 1987; Ebert et ai, 1993) . A part of this plasticity may be due to endopolyploidy which gives rise to genetic plasticity, with possible consequences to life histories. Using flow cytometry, the effects of environmental factors on the DNA distribution among cells could be detected quickly and with high precision.
There are no studies yet on life history differences among organisms with different patterns of somatic polyploidy. On the other hand, various investigations have been undertaken in which life histories have been compared among organisms of different germline ploidy levels (e.g. Schultz, 1982; Levin, 1983) . Studies conducted on D.pulex have shown that polyploids reach maturity at later ages, mature at larger sizes, and produce smaller broods and larger offspring than do the diploids (Weider, 1987) . Growth and survivorship are closely connected to each other in Daphnia because of size-selective predation (Lynch, 1980) . Our discovery that the ploidy distribution of Daphnia nuclei changes during ontogeny indicates that endopolyploidy may have a role in tissue development and differentiation, or in the aging process. Beaton and Hebert (1989) have observed in Daphnia that many endopolyploid cell lines cease division early in ontogeny and thereafter they replicate by endomitosis. However, cells in the digestive tract stabilized at a low ploidy level and then underwent regular mitotic divisions. As with Daphnia, the crustacean Idothea wasnesenskii possesses a greater number of polyploid nuclei among older individuals (Matlock and Dornfeld, 1981) .
When somatic polyploidy and germline polyploidy are compared, it seems that somatic polyploidy may provide the same advantages as germline polyploidy, while there are also differences between these two types of polyploidy. First, somatic polyploidy is a more flexible system, since the level of ploidy is not fixed and can vary between cell lines. Second, it does not cause difficulties for sexual reproduction since polyploidy is excluded from germline cells. It appears that somatic polyploidy brings an evolutionary compromise between selection for miniature genomes and the requirement for a minimal mass of DNA in certain cells.
